The active site of pyruvate carboxylase, like those of all biotin-dependent carboxylases, is believed to consist of two spatially distinct sub-sites with biotin acting as a mobile carboxy-group carrier oscillating between the two sub-sites. Some of the factors that influence the location and rate of movement of the N-carboxybiotin were studied. The rate of carboxylation of the alternative substrate, 2-oxobutyrate, was measured at 0°C in an assay system where the isolated enzyme-[f4Cicarboxybiotin was the carboxygroup donor. The results are consistent with the hypothesis that the location of the carboxybiotin in the active site is determined by the presence of Mg2+, acetyl-CoA and the oxo acid substrate. The presence of Mg2+ favours the holding of the complex at the first sub-site, whereas a-oxo acids induce the complex to move to the second sub-site. At low concentrations pyruvate induces this movement but does not efficiently act as a carboxy-group acceptor; hydroxypyruvate, glyoxylate and oxamate, though not carboxylated, still induce the movement. The allosteric activator acetyl-CoA exerts only a slight stimulation on the rate of translocation to the second sub-site, and this stimulation arises from an increase in the dissociation constant for Mg2+. Utter, 1965; Ashman & Keech, 1975) . However, the only information available on the translocation of the carboxybiotin from the first sub-site to the second sub-site comes from the study by Easterbrook-Smith et al. (1976) . They showed that pyruvate acts as a signal to summon carboxybiotin to the second sub-site.
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The current view of the active site of the biotin-dependent enzyme pyruvate carboxylase (EC 6.4.1.1) is that it consists of two spatially distinct sub-sites. At the first sub-site, the fixation of CO2 to form an N-carboxybiotin complex is coupled to the hydrolysis of ATP:
Enzyme-biotin + MgATP2 + HCO3- Enzyme-biotin-CO2-+ pyruvate Enzyme-biotin + oxaloacetate (2) Initial-velocity and product-inhibition studies have been used to elucidate the order of substrate binding and product release (McClure et al., 1971 a; Barden et al., 1972; Warren & Tipton, 1974; Easterbrook-Smith et al., 1978) , but Scrutton & Utter, 1965; Ashman & Keech, 1975) . However, the only information available on the translocation of the carboxybiotin from the first sub-site to the second sub-site comes from the study by Easterbrook-Smith et al. (1976) . They showed that pyruvate acts as a signal to summon carboxybiotin to the second sub-site.
In the present investigation we examined other factors that influence the location of carboxybiotin by using the enzyme isolated in its N-carboxybiotin form.
Methods and materials Preparation ofpyruvate carboxylase
Pyruvate carboxylase was prepared from freezedried sheep liver mitochondria by the procedure described by Goss et al. (1979) The product, oxaloacetate, was stabilized with 20,1 of 2M-semicarbazide hydrochloride and its radioactivity determined as described above.
Data analysis
Lines were fitted by the weighted least-squares method with the aid of the GLIM system (Baker & Nelder, 1978) to determine the simplest model structure and to obtain maximum likelihood estimates of parameters.
Materials
MgCl2 solution was prepared from spectroscopically pure Mg as described previously (Bais & Keech, 1972) and standardized by atomic absorption spectrophotometry. NaH14CO3, N-ethylmorpholine (redistilled), sodium pyruvate and 2-oxobutyric acid were as previously described (Easterbrook-Smith et al., 1978) .
Results and discussion
Time course for the carboxylation of 2-oxobutyrate from Since the transfer of the activated carboxy group from the Enzyme-carboxybiotin form to pyruvate is very rapid, an analogue of pyruvate, 2-oxobutyrate, and a low temperature (00C) were used to slow down the transfer process. By using this assay system it was possible to study the factors controlling the release of the N-carboxybiotin complex from the first sub-site. Fig. 1 The experimental conditions were the same as those described in Fig. 1 (Figs. 4 and 5 ) based on eqns. (8) and (12). In both cases the presence of acetyl-CoA affects the slope of the plot but not the intercept on the ordinate, thus indicating that the dissociation constant for Mg2+ (k+,l/k-) is increased. The effect of this is to increase the concentration of the State II form, which provides more N-carboxybiotin for transfer to the acceptor substrate.
On the other hand, acetyl-CoA has no significant effect on k+2/k 2, i.e. on the rate of translocation between the first sub-site and the second sub-site.
Factors that affect the location of carboxybiotin by binding at the second sub-site During the course of the overall reaction catalysed by pyruvate carboxylase, it is necessary for the carboxybiotin to be released from the first sub-site and moved to the second sub-site. Here it transfers its activated carboxy group to the acceptor molecule. In the present study a number of compounds possessing structural features resembling pyruvate were examined to determine what features of the pyruvate molecule affect the release of carboxybiotin from the first sub-site and the translocation to the second sub-site. The compounds used fall into three groups: (a) those that are substrates for pyruvate carboxylase (i.e. pyruvate, fluoropyruvate and 2-oxobutyrate), (b) those that are inhibitors (hydroxypyruvate, oxamate and glyoxylate) and (c) those that have no effect on the enzyme (propionate, lactate and acetaldehyde).
Although the transition from State I to State II is slow enough to be measured with 2-oxobutyrate as the acceptor substrate, the transition is too fast to be measured under similar conditions if either pyruvate or fluoropyruvate is used as acceptor (G. J. Goodall, unpublished work). This means that both pyruvate and fluoropyruvate initiate the release of the carboxybiotin from the first sub-site, but the addition of a methyl group at the C-3 position (as in 2-oxobutyrate) drastically decreases the efficiency of the releasing process. On the other hand, compounds, such as propionate, lactate and acetaldehyde, that lack either the carboxy or the oxo group of pyruvate are neither substrates nor inhibitors of pyruvate carboxylase. Furthermore, they do not perturb the equilibrium between State I and State II. Thus both the carboxy and the oxo group of pyruvate appear to be essential both for binding and for initiating the transfer process. 
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It has been shown prevously (Easterbrook-Smith et al., 1976) that pyruvate carboxylase exhibits a hydrolytic leak (i.e. an abortive hydrolysis of the Enzyme-carboxybiotin complex) at low concentrations of pyruvate. The explanation for this phenomenon put forward by these authors is that the binding of pyruvate shifts the carboxybiotin complex to the pyruvate-binding site in readiness for the carboxylation of pyruvate. Previously, the n.m.r. studies by Mildvan et al. (1966) had shown that the binding of pyruvate is a rapid equilibrium process and that pyruvate moves into and out of the pyruvate-binding site at a rate that is two orders of magnitude faster than the rate of the overall reaction. Therefore, if the carboxybiotin arrives at the pyruvate-binding site and finds the site unoccupied, a likely event at non-saturating concentrations of pyruvate, some of the complex may spontaneously hydrolyse to biotin and CO2. The study on the isotopic effects on pyruvate carboxylase catalysis by Cheung & Walsh (1976) supports this explanation. They concluded that 'after the pyruvate molecule binds, it is only about 50% committed to catalysis, i.e. it will come back off the enzyme without reacting one out of two times it binds.' This explanation is further supported in the present investigation by measurements of the stability of isolated Enzyme-'4Clcarboxybiotin complex in the presence of certain inhibitors of the enzyme. These inhibitors are competitive with respect to pyruvate. To perform these experiments, the Enzyme-lV4Clcarboxybiotin complex was isolated at 0°C, and 6mM-MgCI2 was added to ensure that at least 75% of the complex was in the first sub-site (see Fig. 2 ). The stability of the complex was monitored by transfer of the ['4Clcarboxy group to pyruvate, as described in the Methods and materials section. Fig. 6 shows that without any addition there was negligible loss of the I 4Cicarboxy group over 6 min. However, in the presence of hydroxypyruvate, oxamate or glyoxylate there was a rapid loss of radioactivity from the N-I '4Clcarboxybiotin complex. Obviously, these compounds act as very efficient translocation signals, attracting the carboxybiotin complex into the second sub-site, but, since they are not carboxylated (Fig. 6) , the complex spontaneously decarboxylates. It should be noted that the rate of translocation and decomposition of the complex in the presence of these compounds is much higher than the rate of translocation in the presence of 2-oxobutyrate. The behaviour of these compounds, i.e. hydroxypyruvate, oxamate and glyoxylate, is consistent with the previous conclusion that the carboxy and oxo groups of pyruvate are necessary for binding and initiating the translocation of the carboxybiotin. However, the fact that glyoxylate acts as a very efficient signal suggests that the methyl group is not required for these processes.
It has been proposed by various workers (Retey & Lynen, 1965; Mildvan et al., 1966; Prescott & Rabinowitz, 1968; Moss & Lane, 1971; Rose et al., 1976 ) that the reactions catalysed by biotin-dependent carboxylases occur in a concerted manner (Scheme la). More recently, Stubbe et al. (1980) have proposed a mechanism involving the formation of a carbanion as an intermediate (Scheme lb). Our observation that glyoxylate labilizes the carboxybiotin, resulting in the rapid decomposition of carboxybiotin, does not fit either of these mechanisms. In the concerted mechanism, a proton is transferred from the substrate to the carbonyl oxygen of biotin. Obviously, glyoxylate cannot supply a proton. Furthermore, glyoxylate cannot form a carbanion, as required in Scheme 1(b).
Unfortunately, our results do not permit us to advance any mechanism of action, although it is obvious that in the first sub-site the ureido nitrogen is a good nucleophile and the carboxybiotin is relatively stable. In the second sub-site, since the carboxy derivative is so unstable, it can be assumed that the environment there renders the ureido group a very poor nucleophile.
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